We report the production of electron vortex beams carrying large orbital angular momentum (OAM) using micro-fabricated spiral zone plates. A series of the spherical waves, focussing onto different positions along the propagating direction of the electron beam, were observed. The nth order vortex beam has an OAM n times larger than that of the first-order vortex beam. We observed an electron vortex with an OAM up to 90h À in a high-order diffracted wave. A linear dependence of the diameter of the vortex beam on the OAM was observed, being consistent to numerical simulations.
Optical vortex beams carrying orbital angular momentum (OAM) are extensively studied in modern optics and have found a wide range of applications in optical manipulation, quantum information and astronomy [1, 2] . The formation of such vortex beams is not limited to a light wave but is attributed to the nature of waves. The first demonstration of the production of an electron vortex beam was reported by Uchida and Tonomura [3] . They used a phase plate in which the thickness of graphite films is gradually increased around a point in a spiral way. After that, Verbeeck [4] showed that a grating mask with a fork dislocation generates electron vortex beams and an application of the vortex beams to energy-loss magnetic circular dichroism. The grating mask produced a series of diffracted vortex beams aligned in a line perpendicular to the propagation direction of the electron beam, where the nth order diffracted vortex beam has a topological charge n times larger than that of the firstorder beam. A realization of a large OAM up to 100h À was demonstrated by a micro-fabricated binary mask with a fork dislocation having a Burgers vector of 25 [5] . Such a large OAM may play a great role in the significant enhancement of magnetic scattering because electron vortex beams carry a magnetic moment proportional to the OAM [6] [7] [8] . Another type of the binary mask producing electron vortex beams is a spiral zone plate, which was first realized for visible light and soft X-ray [9, 10] and was very recently reported for an electron beam [11] . One of the characteristic features of the zone plate is that the diffracted waves are not plane waves but spherical waves, which are converging to (or diverging from) different positions on the optical axis of the instruments. The spiral zone plate may be suitable for the application to scanning transmission electron microscopy (STEM) rather than the grating mask as the diffracted beams with different orders can never be focussed on the specimen at the same time. In the present paper, we report the production of electron vortex beams formed by spiral zone plate masks designed for such spherical vortex beams. We observe how the electron beam propagates after passing the spiral zone plate masks and compare them with simulations.
Spiral zone plates can be designed by the holographic reconstruction. In a cylindrical coordinate system ðr; w; zÞ, the spherical wave c SW can simply be expressed as follows:
where the center of the spherical wave is at r = 0 and z = z 1 (> 0). Now, we consider a diverging (outgoing) spherical wave carrying an OAM. The simplest way to introduce the OAM is just multiplying the azimuthal angle-dependent term expf2pimwg on the ordinary spherical wave c SW , where m is the topological charge. Assuming that the phase singularity of the spherical vortex wave is on the z-axis, the spherical vortex wave emitted from the point at r = 0 and z = z 1 will be given by the following formula:
The hologram of this spherical wave c SVW constructed with a reference plane wave propagating to the negative z-direction, c PW ¼ expfÀ2pikzg, at z = 0 is given as follows:
If this hologram located at z = 0 is illuminated by a plane wave with a wave vector of k = (0, 0, k) propagating to the positive z-direction, expfþ2pikzg, then a converging spherical vortex wave focussed at the center of the original spherical wave at z = z 1 will be produced. Fig. 1a -c show holograms calculated using spherical vortex waves diverging from the same position at z 1 but with different topological charges of m = 0, 1 and 10, respectively. The spiral holograms with m = 1 and 10 have the same radial dependence to the regular (non-spiral) Fresnel zone plate designed by a non-helical spherical wave with m = 0, and have a periodicity of 1/m in the azimuthal direction. Practically, these holograms were binarized as described by the following function for the fabrication of masks:
where r is the radial coordinate in the mask plane, r n the innermost radius of the nth zone, L the focal length and λ the wavelength of the electron. Furthermore, the spiral pattern has to be cut off at a certain radius from the origin (Fig. 1d) .
The binarized Fresnel zone plate generates not only a single spherical wave converging to the center of the original spherical wave at z = z 1 but also generates a series of spherical waves focussing at different points aligned on the z-axis, because the constructive interference from the adjacent Fresnel zones is realized not only at z = z 1 but also at other points on the z-axis. The nth order converging spherical waves can be produced by the constructive interference of the waves from adjacent zones whose path difference is nλ. The larger the n is, the shorter the focal length becomes. In the case of a vortex beam produced by the spiral zone plate, the nth order spherical wave has an OAM n times larger than that of the first-order wave. It should be noted that a transmitted plane wave and diverging spherical wave are also generated by the constructive interference of the diffracted waves from the adjacent zones. The diverging spherical waves are assigned as negative orders. The centers of the nth and negative nth spherical waves are located at the same distance from the mask plane (or the same focal length) but on the opposite side of the mask plane. The OAM of the diverging spherical vortex wave is opposite in sign to that of the converging spherical vortex wave of the same order. Thus, the total OAM of the pair of the nth and negative nth spherical vortex waves becomes zero. The transmitted plane wave, which is assigned as the zeroth-order wave, does not have an OAM. As a result, the total OAM of all the vortex waves produced by the spiral zone plate remains. The zeroth-and negative-order waves can also be focussed at a positive z-coordinate by introducing lens when the focal length of the lens is shorter than that of the negative spherical waves. Fig. 2 shows a schematic ray-path diagram of the series of converging spherical waves. A plane wave illuminated the spiral zone plate mask inserted in the condenser lens. The diffracted waves from the zone plate mask form a series of the spherical waves converging into the different points on the optical axis, or z-axis. The zeroth-order (transmitted) wave is focussed by the condenser lens at z = z 0 , where z 0 corresponds to the focal length of the condenser lens.
The propagation of the electron beam which passes through the spiral zone plate mask was simulated on the basis of the Fresnel propagation theory as shown in Fig. 3a -j [12] . The binary mask used for the simulation is the spiral zone plate having a topological charge of m = 10 shown in Fig. 1c . A condenser lens was introduced to bring the focussing points of the zeroth-and negative-order waves to finite distances from the spiral zone plate mask on the positive side of the z-axis as described in Fig. 2 . The spherical aberration coefficient of the condenser lens is assumed to be zero. Fig. 3a , c, e, g and i show intensity distributions on the z-planes at z = z 5 , z 3 , z 1 , z 0 and z −1 , respectively, at which the fifth, third, first, zeroth and negative first-order spherical vortex waves are focussed. Fig. 3b, d , f, h and j show phase distributions corresponding to Fig. 3a , c, e, g and i, respectively. For all of the figures in the present paper, the positive direction of the z-axis, or the direction of the propagation of the electron beam, is taken to be upward from the plane of the paper.
At z = z 0 ( Fig. 3g and h ), a sharp central peak is formed, which is the zeroth-order wave focussed by the condenser lens. At z = z 1 ( Fig. 3e and f ) , a ringshaped intensity, which is composed of 10 peaks indicated by arrows, is observed. The phase increases by 10 × 2π around the center in the clockwise direction. Because the topological charge is evaluated as the circulation of the phase gradient distribution around the center, this ring is considered as the vortex beam with m = 10. A similar ringshaped intensity can be recognized at z = z −1 ( Fig. 3i and j) . The phase is varied by 10 × 2π in the opposite direction to that in Fig. 3f . This ring can be assigned as the vortex beam of m = −10. At z = z 3 ( Fig. 3c and d) , a ring larger than that of m = 10, composed of 30 peaks, is observed as indicated by the arrows. The phase is varied by 30 × 2π. This ring can be assigned as the vortex beam of m = 30. Similarly, rings at z = z 5 ( Fig. 3a and b) indicated by arrows are considered as the vortex beams of m = 50, respectively. The phase distributions of the vortex beams of m = 10 and −10 are not exactly inverted due to the difference in the convergence angle (or in the focal length).
The vortex waves of even orders are not observed by the present spiral zone plate due to its binarization manner (Equation (4)). In a certain azimuthal direction of the zone plate, the maximum path difference of the waves in one zone is realized by two waves from the innermost edge and the outermost edge of the zone. For the even order focussing points at z = z 2 , z 4 , z 6 , … , the maximum path difference is an even multiple of the half wavelength, i.e. integer multiple of the wavelength. Because of the interference of these waves from one zone, whose relative phase differences range over 2π, the even order waves are canceled out. This holds in the case of the spiral zone plates.
For the experimental demonstration of the production of the series of spherical vortex beams, a spiral zone plate mask was fabricated from a thin Si 3 N 4 membrane, on which PtPd layers of about a 100 nm thickness were deposited on both sides of the membrane, using a focussed-ion-beam instrument. The PtPd film of a total thickness of 200 nm attenuated an incident electron beam at 200 kV by a factor of 10 . Thus, the zone plate can be regarded as a binary mask in a good approximation. Actually, the intensity distributions of the vortex beams produced by the present spiral zone plate shows a good agreement to the simulations obtained by assuming a binary mask, as shown in Figs. 3 and 4 . The pattern of the mask was designed using Equation (4) for a 200 keV electron wave (λ = 2.5 pm) Fig. 1d .
The production of the spherical vortex wave of electrons was done using a transmission electron microscope, which is equipped with a coherent electron source of a thermal field emission gun (JEOL JEM-2100F). The acceleration voltage was set to be 200 kV. The spiral zone plate was introduced to the condenser lens system, whose focal length was about 2 mm. The propagation of the electron beam, which passes through the masks shown in Fig. 1d (m = 10) , was observed at the image plane of the microscope by varying the condenser lens excitation. The convergence semi-angle was approximately 10 mrad through the observation of the defocus series of the propagating beam. A series of ring-shaped beams are observed as shown in Fig. 4a-k. Fig. 4a shows a sharp peak of the zeroth-order wave focussed by the condenser lens as seen in Fig. 3g. Fig. 4b and c show the rings composed of 10 peaks, indicating the first-and negative first-order waves with m = 10 and −10, respectively. Fig. 4d and e show the rings composed of 30 fine peaks whose diameter is 3 times larger than that of the ring of m = 10, indicating the thirdand negative third-order waves with m = 30 and −30, respectively. In the present experiment, we could observe up to the ninth-and negative ninth-th order waves with m = 90 and −90, as shown in Fig. 4j and k, respectively. Fig. 5 shows the diameters of the vortex rings observed in the present experiment as a function of the order of the vortex beams. A linear dependence of the diameter on OAM is observed, as is the case of the electron vortex produced by gratings with a dislocation [5, 13] . The symmetric behavior of the variation of the vortex diameters for the positive and negative orders is because the convergence angle is not significantly changed through the defocus series in the present observation. The diameters of the vortex rings decreased with increasing convergence angle, which is controlled by the condenser lens system, as an ordinary convergent beam. In the present experimental condition, the minimum diameter of the vortex ring was realized at a convergence semi-angle of 13 mrad, at which the diameters of the zeroth-(m = 0) and first-order (m = 10) waves are about 0.2 and 1 nm, respectively. In this illumination condition, the distances between the focussing positions of the adjacent orders of the vortex beams was about 200 nm, which was almost constant over the present defocus range. A further increase of the convergence angle enlarged the diameters of the vortex beams due to the spherical aberration of the present condenser lens system. An optimization of the optics of the condenser lens system using an aberration corrector might reduce the ring diameter, though it might be limited by the OAM and wavelength of the propagating electron as pointed out by Idrobo and Pennycook [13] and Verbeek et al. [14] .
The images at z = z 1 and z −1 ( Fig. 4b and c) , where first-and negative first-order vortex beams are focussed, show spiral-shaped intensities around the vortex rings, distributing over several nanometers. These are mainly attributed to the zeroth-order beam (or transmitted beam), which are converging to or diverging from the point at z = z 0 . This can be confirmed by the constant azimuthal dependence of the simulated phase distribution shown in Fig. 3f and j. The spiral-shaped intensities are more significant in the images at z = z 3 and z = z 5 , where the third-and fifth-order vortex beams are focussed. These are the contributions of the zeroth-order and other order waves being out of focus. Such background intensity due to the defocussed waves is also seen at the center of the non-zero ordered beams. Thus, the propagating beam is a mixture of vortex waves with different OAMs, one of which is focussed to be a ring on the z-planes at z = z n and others are out of focus. It is confirmed from the simulation that 51% of the total intensity is concentrated on the zeroth-order wave, whereas only 18, 1.5 and 0.5% are on the first-, third-and fifth-order waves, respectively.
The spiral zone plate produces a series of the focussed vortex beams carrying different OAMs, which are aligned in the direction of the beam propagation. In the application to STEM and electron-energy-loss spectroscopy using a vortex beam having a particular OAM, one has to eliminate other vortex beams than the particular one. This can be done by inserting a small pinhole at the focussing position of the particular vortex beam, and scanning the specimen stage instead of deflecting the beam, as is in the case of scanning confocal electron microscopy [15] . For higher-order vortex beams such as seventh and ninth orders, an annular aperture with a small inner angle or a beam stopper should be inserted at the focussing point of the zeroth-order beam to eliminate the strong background. The selection of a particular vortex beam is important especially when the focussing points of the series of the vortex beams are less separated than the thickness of a TEM specimen. An aperture inserted at the image plane of the objective lens (or the post specimen lens) will be available for this purpose, as the objective lens, whose transverse magnification (the magnification perpendicular to the propagation direction) is M, enlarges the distances of the focussing points M 2 times in the propagation direction. The large OAM of the electron vortex will be preferable for observing the magnetic scattering of the electron [6] [7] [8] . However, the larger the topological charge becomes, the lower the spatial resolution of STEM imaging will be because of the large probe diameter of the vortex beam. The extension of the number of zones (or the increase of the convergence angle) is necessary to make the vortex rings compose of the peaks to be more continuous and uniform ones. From our simulation study, more than 25 zones should be necessary for the significant improvement of the vortex rings.
In conclusion, we successfully produced a series of the converging spherical electron waves carrying OAMs using micro-fabricated spiral zone plates. A large OAM of 90h À was observed at the ninth-order diffracted wave from the spiral zone plate having a topological charge of m = 10. The behavior of the observed beam is well reproduced by a numerical simulation. A linear dependence of the vortex ring diameter on the topological charge was observed, which is consistent to the simulation. The spiral zone plates for electron beams could be a useful . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . device to generate vortex beams, as is the case of grating masks with a dislocation, and thus, open a new opportunity of electron microscopy. An optimization of the optics of the illumination system for a further reduction of the vortex ring diameter is in progress. Furthermore, we are planning to introduce the spiral zone plate masks for vortex beam to a spin-polarized transmission electron microscope, which we are newly developing [16] , to observe how the spin and OAM of an electron interact with each other and with magnetic moments of materials.
